Abstract Globally, more than 30 % of all food that is produced is ultimately lost and/or wasted through inefficiencies in the food supply chain. In the developed world this wastage is centred on the last stage in the supply chain; the end-consumer throwing away food that is purchased but not eaten. In contrast, in the developing world the bulk of lost food occurs in the early stages of the supply chain (production, harvesting and distribution). Excess food consumption is a similarly inefficient use of global agricultural production; with almost 1 billion people now classed as obese, 842 million people are suffering from chronic hunger. Given the magnitude of greenhouse gas emissions from the agricultural sector, strategies that reduce food loss and wastage, or address excess caloric consumption, have great potential as effective tools in global climate change mitigation. Here, we examine the challenges of robust quantification of food wastage and consumption inefficiencies, and their associated greenhouse gas emissions, along the supply chain. We find that the quality and quantity of data are highly variable within and between geographical regions, with the greatest range tending to be associated with developing nations. Estimation of production-phase GHG emissions for food wastage and excess consumption is found to be similarly challenging on a global scale, with use of IPCC default (Tier 1) emission factors for food production being required in many regions. Where robust food waste data and production-phase emission factors do exist-such as for the UK-we find that avoiding consumer-phase food waste can deliver significant up-stream reductions in GHG emissions from the agricultural sector. Eliminating consumer milk waste in the UK alone could mitigate up to 200 Gg CO 2-e year -1 ; scaled up globally, we estimate mitigation potential of over 25,000 Gg CO 2 e year -1 .
Introduction
Agriculture in its various guises occupies 40-50 % of the planet's land mass and accounts for 10-12 % of total anthropogenic greenhouse gas (GHG) emissions-50 % of global methane (CH 4 ) and 60 % of global nitrous oxide (N 2 O) emissions-with absolute per annum growth of 0.9 % between 1990 and 2010. The net CO 2 flux for agriculture (excluding the impacts of forestry or other landuse) is very nearly balanced (Smith et al. 2014) . Thus, virtually all of emissions attributed to agriculture are the result of food production to feed an ever-growing world population; a population estimated to increase by over 50 % to 10.8 billion by 2100, almost all of which will occur within developing countries (UN 2013) . A third to one half of all food produced does not flow through the entire food supply chain (FSC) (Grolleaud 2002) . The consumption of excess quantities of food-the proportion beyond the dietary needs of a populace-is also an inefficient use of resources (Hall et al. 2009; Cuéllar and Webber 2010) . The more food that is ultimately lost, wasted or consumed in excess of physical needs increases the overall carbon footprint of the FSC beyond the level necessary to sustain our continued (and growing) collective existence. The IPCC Working Group II identified climate change impacts on production as a key risk to global food security (IPCC 2014) . The embedded emissions from food wastage contribute directly to climate forcing. It follows, therefore, that the status quo of inefficient use of resources for food production and supply is incompatible with successfully addressing global climate change. In this paper, we identify and explore the key challenges to assessing the climate change mitigation potential of addressing food wastage across the FSC and provide a case study on a specific commodity-milk-to illustrate that potential.
Challenges to quantification of food wastage implications
Differentiating 'food loss' and 'food waste'
There are no universally accepted definitions of the popular terms 'food loss' and 'food waste', although ultimately the end result is the same-non-utilisation of food produced for human consumption. Various participants in the discussion have presented their respective nomenclature and definitions. The Food and Agriculture Organisation of the United Nations (FAO) distinguishes between loss and waste based upon where along the FSC, the quantity of food available suffers a decrease (Gustavsson et al. 2011) . 'Loss' occurs in the 'upstream' production-dominant stages of the FSC; 'waste' occurs in the consumer-dominant 'downstream' stages. The FAO definitions thereby implicitly link the former (food loss) to operational efficiency and the latter (food waste) to consumer behaviour. Bourne (1977) and Prusky (2011) use 'post-harvest losses' when referring to what is similar conceptually to the FAO's 'food loss' term-i.e. losses at any stage along the FSC prior to the final retail and consumption stages. However, the inclusion of pre-harvest losses at the primary producer stage in the latter's definition causes a practical disconnect with the terminology. In contrast, Parfitt et al. (2010) do not make any distinctions at all, terming losses at any stage along the FSC as 'food waste', and Smil (2000) opts for 'food loss and waste' when discussing the FSC as a whole (Fig. 1) . Due to this variability, we present in 'Waste disambiguation' our specific nomenclature for loss and waste along the FSC.
Finally, a third category of food supply inefficiency is specifically presented here-that of 'excess caloric intake', or more simply, overeating. This is conceptually different to the terms food loss and food waste as described previously-food is consumed rather than lost to spoilage and/or other production inefficiencies along the FSC or thrown away by the end-consumer. However, excess caloric intake could still be considered as a waste of globally available food calories (Lundqvist et al. 2008; Hall et al. 2009 ). Quantities of food are produced that are unnecessarywasting the embodied energy of that food and creating additional embedded emissions that have avoidable GHG penalties (Michaelowa and Dransfeld 2008) .
'Waste' disambiguation 'Waste' is not only an environmental issue, but also an economic and legal issue. What is unwanted production that is rejected by one party may be viewed as an economically valuable resource by another. 'Waste' has specific legal definitions and is subject to regulations in many jurisdictions. The use of the term 'food waste' as a catch-all for inefficiencies at any stage of the FSC that lead to less food being available for human consumption, in addition to food that is thrown away by the consumer, may not be entirely compatible with such a use.
Due the variation in the literature, for clarity in this paper, the following lexicon is used for the purposes of this paper. The FAO concepts of 'food loss' and 'food waste' are used, though rephrased as 'lost food' or 'wasted food' to avoid confusion with the legal concept of 'waste'. The term 'post-harvest loss(es)' is used when referring to inefficiencies between the farm-gate and the retail stages. 'Food wastage' is used where a general term irrespective of FSC stage is required and also to refer to inefficiencies along the entire FSC (i.e. an amalgamation of 'lost food' and 'wasted food'). 'Excess caloric intake' will refer to the GHG impact of excessive food consumption (i.e. overeating), which we also consider as inefficient use of resources. 
How food is lost along the supply chain
There is not one global supply chain-rather it is a spider's web of networks, actors and technologies that are specific to each location, yet evermore interlinked through globalisation. As illustrated in Fig. 1 , the supply chain can be characterised with globally relevant stages, although the importance of each stage and the length of the chain itself is location dependent. From producer to consumer, there is a multitude of opportunities for inefficiencies-i.e. for food to be lost and/or wasted-along the FSC. The stage where these inefficiencies occur varies depending upon commodity and region, although overall most is lost or wasted at the extremes of the supply chain ( Fig. 2) (FAO 2013) . Bourne (1977) set the stage for investigating the causes of food wastage, grouping them into two categories, primary and secondary. Primary causes include losses through pest infestations, mechanical damage to harvested crops, and spoilage, amongst others. The link between primary causes is that they are transient-some partially controllable in the near-term (such as mechanical damage), while others are less so (such as losses from weather events). Secondary causes are those that form the conditions for primary causes to occur. They generally stem from structural inadequacies of context surrounding the supply chain that would require greater investments of time and resources to address. These causes include legislation, proper storage/transport, lack of a 'cold chain'. Bourne (1977) considered the FSC only as far as the end-consumer, but did not include that final stage. As we shall see, wastage in the consumer phase can be important source of food wastage and thus GHG emissions.
Variability in emissions factors of food loss and waste
Comparability across studies in the literature is not always straightforward. The implied average values for the USA calculated from Hall et al. (2009) and Cuéllar and Webber (2010) are 1.6 and 5.4 t CO 2 e t -1 wasted food, respectively. Explicit factor values in Europe range from 1.9 for the EU 27 (Monier et al. 2010 ) to 3.9 in the UK specifically . At a global scale, the FAO has estimated a factor of 2.5 t CO 2 e t -1 avoidable food waste (Gustavsson et al. 2011) . Differences in scope and methodologies result in emissions factors varying widely, even for the same geographical region.
As the literature in this area is still emerging, correcting for these differences to arrive at more directly comparable values is challenging. The emissions factor from (Hall et al. 2009 ) does not include processing or transport, which (Cuéllar and Webber 2010) estimates to account for 35 % of all energy used in production of food that is domestically consumed. While the latter includes energy used for the inputs of primary production inputs, the non-CO 2 emissions from agriculture, such as that from excessive fertiliser use, and end-of-cycle waste management are not. do not consider waste arising from nonhouseholds, such as catering and restaurants. In contrast, Katajajuuri et al. (2014) estimate that 20 % of food waste in Finland arises from the food-service sector.
Lost and wasted food data issues
Bottom-up research into food wastage has largely been limited to a single or small number of commodities in a specified region at a particular stage in the FSC (e.g. Clarke (1989) -barley harvest losses in Western Canada; Liang (1993)-post-harvest grain losses in China; Babu et al. (2013) -storage losses of spice in one Indian state). Some are in excess of 20 years old and continue to influence more recent studies that have a broader scope (national, continental or global).
The first global estimate of food wastage and the embedded GHG emissions (Gustavsson et al. 2011 ) relied upon single-commodity, location-specific life-cycle analysis (LCA) studies. Depending upon the commodity, there could be very few studies used (e.g. two for both starchy roots and milk), while others, such as meat, were almost exclusively from high income, OECD nations. The large variability in practice and technologies available across locations and commodities results in a GHG emission estimate range that spans over 200 %; a central estimate of 3.3 Gt CO 2 e, ±1.7 Gt CO 2 e (FAO 2013).
There are similar challenges at a national level. Buzby and Hyman (2012) estimates of the economic cost of wasted food in the USA is based upon the United States Department of Agriculture (USDA) Loss-Adjusted Food Availability (LAFA) data series. The LAFA series contains detail on some 200 different food commodities starting from 1970, with estimates for losses at various stages of the Addressing food supply chain and consumption inefficiencies: potential for climate change… 2281 FSC for each commodity. A review of the loss estimates since inception of the series resulted in little aggregate change for total lost food at the supermarket level (Buzby et al. 2009 ). Overall, loss factors have thus been backward adjusted to inception based upon these reviews and therefore appear static through time. There is not a consensus on the implication of USDA's practice-it could put a lower bound on post-harvest loss estimates (Cuéllar and Webber 2010) or inflate them (Koester 2013) . Potential data issues are not constrained to the age of some estimates-the use of FAO food balance sheet data to derive post-harvest loss estimates has also been criticised. Questions arise on viability of estimates for crops sown, harvested and sold in areas of the world subject to unrest where physical access to these areas can be severely restricted, if there is any access at all (Parfitt et al. 2010; Smil 2000) . Elsewhere, differences in production methods across farms, countries and regions could have a material impact on embedded emissions of a given commodity, thereby diminishing the value of using a particular emissions factor estimate across time or region. In their carbon footprinting methodology, Chapagain and James (2011) have recognised this limitation in their use of single, global LCA emissions factors for individual commodities.
Food supply chain inefficiencies Embedded emissions of inefficiency
In the USA, greater availability of cheaper food is a factor in the increasing average weight of the American populace, as well as a rise in wasted food (Hall et al. 2009 ). Over the 30-year period 1974-2003, it was estimated that per capita wasted food steadily increased from about 30 % available food to nearly 40 %, compared to the USDA's roughly constant annual assumption of about 27 %. The GHG emissions associated with producing an estimated 150 trillion kcal of wasted food energy are 129 Mt CO 2 e, implying a CO 2 e emission factor of 1.6 t CO 2 e t -1 wasted food.
On a global scale, the FAO estimates embedded GHG emissions of 3.3 Gt CO 2 e (Gustavsson et al. 2011 ) by applying a factor of 2.5 t CO 2 e t -1 to estimated post-harvest and consumer losses of 1.3 Gt. The range of CO 2 e emission factor estimates from the limited amount of literature currently available (Table 1) suggests annual GHG emissions from food wastage could range from 2.1 Gt CO 2 e to 5.9 Gt CO 2 e globally. GHG emissions arising from the provision of excess caloric intake in OECD countries would raise these levels a further 230-652 Mt CO 2 e each year (discussed below). Adding these embedded emissions to the upper value of food wastage results in potentially 6.6
Gt CO 2 e year -1 ; this value is close to that of US 2011 nation-wide GHG emissions (excluding land-use, land-use change and forestry) of 6.7 Gt CO 2 e (UNFCCC 2014). Population growth forecasts and dietary change in the developing world could ultimately lead to wasted food levels and associated GHG emissions that dwarf these current estimates.
Impact of excess caloric intake
The mean adult body mass of the US population increased by 16.7 % between 1962 and 2010, from 70.3 to 82.1 kgroughly 0.2 kg per decade. The corresponding mean body mass index (BMI) rose from 25.4 to 28.7, while the proportion of the population classed as overweight (BMI [ 25) rose from 47 to 65 %; obesity levels (BMI [ 30) more than doubled from 14 to 31 % (NHANES 2014). There is a positive relationship between greater levels of food energy supply and mean body mass; for each 7.1 % of increased body mass, a net extra energy input of 10 % is needed (Swinburn et al. 2009a, b) . A consistent and continual gap of 30 kJ (7.2 kcal) per day between energy intake and expenditure is all that is required to produce this observed level of weight gain (Hall et al. 2011) . Thus, to raise the mean per capita, adult mass by an additional 11.8 kg (a 16.7 % increase) between 1962 and 2010 (NHANES 2104) would require a cumulative increase of 23.5 % in net food energy intake, or about 0.5 % per annum, over the 1962 base value.
Greater body mass requires increased energy intake to balance higher baseline energy expenditure. The GHG penalty of the food production to provide this excess caloric intake is permanent unless a negative perturbation is imposed. To return to the mean body mass of the mid1970s (just on the border of a 'healthy' BMI level) from those of the early 2000s would require a sustained daily reduction in either consumption of 500 kcal, the difference in adult energy intake between 1970s and 2000s (2398 vs 2895 kcal day -1 ), a sustained increase of nearly two hours in daily physical activity, or some mixture of the two (Swinburn et al. 2009a, b) . There is a basic assumption that this calorie reduction could occur within an otherwise balanced diet; a diet meets the body's physiological needs of vitamins and minerals. By 2010, this daily difference is estimated to have increased to 600 kcal (USDA 2010), equivalent to 20 % of the implied mean energy intake of about 3000 kcal day -1 . This 600 kcal of excess caloric intake in the USA is equivalent to 69 Mt of food that need not be produced; 20 % of 347 Mt utilised domestically in 2010 by US consumers (FAOSTAT 2014) . Applying the FAO's wasted food CO 2 e emission factor of 2.5 t CO 2 e t -1 of wasted food (Gustavsson et al. 2011) , we estimate annual embedded emissions from US over-eating are 173 Mt CO 2 e. Assuming the US level of excess caloric intake is consistent across the OECD countries, this 600 kcal stepchange in food intake is equivalent to avoidance of 227 Mt of excess food produced and consumed per annum (FAO-STAT 2014); 20 % of 1137 Mt. Applying the same FAO wasted food CO 2 e emission factor as for the USA, the annual GHG emissions savings from this reduced food demand would amount to 568 Mt CO 2 e. Added to the 30-50 % of food the FAO estimates is lost or wasted along the FSC, then the actual embedded emissions of all inefficiencies could be equivalent to as much as 70 % of global food production.
These estimates assume that this 'extra' food need not be produced and thereby save the embedded GHG emissions. One could also argue that rising mean weight is a manifestation of an inefficient use of scarce resources; that the 'extra' food consumed by developed countries could be made available where it is needed most-those parts of the world where hunger remains. While if this reallocation were undertaken a large reduction in production-phase GHG emissions might not be achieved, large reductions in the numbers of people suffering chronic hunger could be still be had.
Population growth and food supply
Increased per hectare agricultural yields since the 1960's have offset much of what would have been required in terms of land being utilised by the sector up to threequarters per Smith et al. (2013) while at the same time reducing cumulative emissions relative to business-asusual (BAU) by some 590 Gt CO 2 e (Burney et al. 2010 ). However, current projections of population (UN 2013) through to 2050 are in the region of 9.6 billion (and 10.8 billion by 2100)-requiring 70-100 % more food production (Godfray et al. 2010 ).
Most of this population growth is expected to come from the Less Developed Regions (as defined by the UN), as populations in China and the 'West' plateau. While 60 % of the global population currently resides in Asia, this proportion is expected to fall to about 43 % by 2100. The population of Africa is expected to increase by over 300 % in the same time period (and by over 130 % by 2050), driven by rapid growth in Western Africa in particular (UN 2013). China and India alone account for about 37 % of today's global population and have economies that have been amongst the fastest growing in the past two decades to 2012-they currently rank as 2nd and 10th largest, respectively (World Bank 2014). Average diets in developing world nations, as they become wealthier, can be expected to incorporate greater proportions of GHG emission-intensive meat and dairy products (Poleman and Thomas 1995) . This is particularly notable with respect to Africa, where the proportion of energy intake from animal protein is only a quarter of that of the OECD (Gerbens- Leenes et al. 2010 ).
In China, by 2004, about one-quarter of the adult population was overweight, up from 9.7 % in 1982 and 14.9 % in 1992 (Guo et al. 2010 )-growing at a slightly faster rate than the USA or UK (Popkin 2008) . On this trajectory, about 40 % of the population of China could be classed as overweight by 2050, roughly where the USA was in 1960 (NHANES 2014) . Chinese population and food production are similar to that of the OECD as a whole. The rise in excess caloric intake required for overweight and obesity rates comparable in magnitude to that of the OECD could thus induce additional food-based GHG emissions in the region of 500 Mt CO 2 e.
The US 'obesity epidemic' has developed over 50 years to a significant health problem, one that also has climate implications. In the next 85 years to 2100, World Bank (2014) estimates 8.8 billion people will reside in what today are 'developing' nations of Asia and Africa. This would be 82 % of the global population, with 1 billion of Katajajuuri et al. (2014) Global 2.5 Avoidable food waste Gustavsson et al. (2011) The current literature in this area is sparse, tending to be focused on single nations or regions. Factors may not be directly comparable due to differences in scope of study and robustness of inputs used (the former are generally acknowledged limitations). The 'EU 27' does not include current member state Croatia-it
had not yet acceded to the European Union at the time of source publication Addressing food supply chain and consumption inefficiencies: potential for climate change… 2283 them in China (300 million fewer than current). It is conceivable that, as their wealth grows, these 'developing' nations follow a dietary pathway similar to that of the OECD-a trajectory China appears to be on. Should that occur, embedded emissions of the excess caloric intake of these nations could be some six-times greater than previously presented estimates for the OECD, over 3 Gt CO 2 e year -1 .
Developed countries vs emerging countries
The absolute and per capita amount of food wastage, on a mass-flow basis, across the whole of the FSC differs across global regions. Quested et al. (2013) and Monier et al. (2010) , which identify greater levels of wasted food at consumer-focused phases, there is larger variation in wasted food in the 'downstream' stages of the chain (distribution and consumption), a pattern that tends to follow relative national income levels. The most profligate region on per capita basis is high-income North America and Oceania at about 200 kg year -1 ; the least wasteful, at approximately 60 kg year -1 , is low-income South and South East Asia (FAO 2013).
However, even within a high-income region such as the European Union, different countries exhibit very different levels of per capita wasted food by households (Table 2) . Combining national-level wasted food estimates identified by Monier et al. (2010) (FAO 2013). However, as is shown in our case study on milk (see below), the financial cost of such per capita profligacy by developed nations can be low on a commodity-by-commodity basis-as such households may not be motivated by seemingly small financial savings they could make by reducing wasted food.
Food commodities and wastage pattern shifts
Not all food commodities suffer the same loss/waste levels (e.g. Canadian grains, as low as 2 %, (Clarke 1989 ); Southeast Asia vegetables, an average of 17 % (Weinberger et al. 2008); fish in developing world, 10-60 % depending on season and species (Wall et al. 2001 ). Globally, cereals, starchy roots, fruits and vegetables account for nearly 85 % of all post-harvest losses of food destined to human consumption (FAO 2013) . Relative proportions by commodity-region are variable: nearly 40 % of post-harvest loss in Industrialised Asia arises from vegetables and about 27 % from cereals; in Sub-Saharan Africa over 60 % is from starchy roots; in North America and Oceania milk accounts for some 15 % of post-harvest losses, but almost none in Industrialised Asia (FAO 2013). Local and regional dietary preference may be playing a significant role is these differences. However, as discussed previously, diets in the developing world are expected to shift to a more 'Western' composition.
This shift could see a concomitant change in food wastage patterns and heightened risks in other areas. As (Khoury et al. 2014 ) points out, the post-World War II increase in food production and crop yields has occurred simultaneously with a decrease in varieties cropped. Attendant risks to food supply are raised as risk of large-scale pre-harvest crop loss from disease/pest vulnerability increases as genetic variety decreases (Zhu et al. 2000) . Risk to overall health also increases with a move to a 'Western' diet, for example, via an increase in obesity rates as seen in China as the population has become wealthier (Wang et al. 2007 ).
Such a change in diet would put further stresses on global climate forcing as not all FSC inefficiency is equal in terms of its net GHG impact. The emissions intensities of various commodities vary by 17-times from the lowest to the highest. Starchy roots account for 19 % of global food wastage, yet account for just 5 % of emissions (a relative emissions intensity factor of 0.3). In contrast, little meat is lost or wasted-just 4 % globally. However, the high emissions intensity of the product results in meat accounting for 21 % of emissions from food wastage; a relative factor of 5.2 (FAO 2013). Identifying the foodregion pairs and food-region-stage trios with the greatest levels of inefficiencies may help better target mitigation action. Cost-benefit analyses would be useful tools to develop achievable mitigation strategies.
Potential interventions and barriers

Cold chain
The 'cold chain'-the refrigeration of highly perishable food commodities (such as fruit, vegetables, meat and fish)-is an important component in an efficient FSC as an ever greater proportion of food is exported (Magnussen et al. 2008 ). Not only is it a key determinant of quantity of food lost pre-and post-consumer, but the 'cold chain' also functions to improve the safety of food by reducing the prevalence of food-borne disease. Gaps in the chain introduce potential for lost and wasted food through spoilage as well as health issues (Coulomb 2008) . There are also preventable embedded emissions in this lost and wasted food.
A complete and functioning cold chain would result in fewer losses therefore less production would be required to meet end-user needs; emissions could be reduced as less food volume would be processed through the chain. Building, maintaining and using such infrastructure is energy and capital intensive; the absence of an extensive and reliable 'cold chain' is an emerging country issue. While growth in 'cold capacity' has increased in some developing countries (such as Brazil, India and China), there has been little growth elsewhere (Yahia 2009 ). Lack of reliable energy needed to power the cold chain or financial resources to access the technology are possible factors hindering more rapid deployment.
Carbon accounting
Differences between the IPCC-NI (national inventory) and LCA carbon accounting methodologies can lead to different results and potential actions by agents along the FSC. The former method tends to attribute less mitigation to local agriculture than the latter. Some emission reductions from improved farm-level production efficiency are allocated to the energy sector (e.g. production of bioenergy/ biomass crops) and/or industrial sector (e.g. fewer chemicals/detergents) rather than the agricultural sector. Farmers may thus not be incentivised to take mitigation actions if they do not fully benefit from emissions reductions achieved as a result of their actions (O'Brien et al. 2013) .
The IPCC methods permit global/continental default emissions factors and equations (Tier 1) to more discrete country-specific factors and equations (Tier 3); Tier 2 recommends country-specific factors for the largest emitters alongside Tier 1 defaults for others (Dong et al. 2006a, b) . Implementing Tier 3 is resource intensive and so many developing nations use Tier 1 defaults for all inputs-including the most important GHG emission sources-which can lead to inaccurate national inventories being calculated. Without a robust starting point, mitigation efforts can therefore be hampered from the beginning. This is a particular issue within agriculture, where the under-reporting of methane and nitrous oxide emissions can be significant (Ogle et al. 2014 ).
Economic viability of potential mitigation
Marginal abatement cost curve (MACC) estimates that arise from evaluating emissions mitigation options are temporally limited to the present. They do not explicitly take into account technological or policy changes, although scenario analysis could be used to develop a series of hypothetical MACCs. However, they remain useful as a tool to identify potential mitigation technologies that could be implemented at a particular price of carbon. The importance of technological change, both incremental as well as sudden, is highlighted in Burney et al. (2010) . They estimated that each dollar invested in increasing global agricultural yields over the period 1961-2005 resulted in a 249 kg CO 2 e emission reduction relative to 1961 technology-equivalent to 13.1 Gt CO 2 e per annum at a cost of US$ 4 t -1 CO 2 e. Of those studies examining the economics of mitigation, most have been focused on the developed world at the broad agricultural sector level (e.g. O'Brien et al. 2013; Whittle et al. 2013; Schulte and Donnellan 2012; Moran et al. 2011 and Smith et al. 2008) .
MACCs can be created using different approaches, which may not necessarily arrive at the same result. A biophysical MACC analysis that examines all available technologies and processes that could be employed to mitigate emissions is likely to overestimate what is economically viable. Smith et al. (2008) estimates global, preharvest mitigation potential from agriculture that is technically possible of 5500-6000 Mt CO 2 e year -1 by 2030, yet a lower range of 1500-4300 Mt CO 2 e year -1 that is economically viable. Without an off-setting incentive, farmers are not expected to adopt and implement mitigation technologies or practices that do not at least cover the costs of doing so (Whittle et al. 2013 ). Economic viability is a key factor to achieving mitigation levels that are technically feasible.
In the short term, such viability depends on the carbon price. A higher price for carbon increases the range of technologies that can be judged as economically viable. While carbon is a standard commodity, it is not traded as a standard commodity. Although carbon markets are emerging across the globe (e.g. California, EU ETS, Chinese pilots), they are not fully open markets, restricting who can participate and what instruments can be traded. Further, the instruments are not 'fungible'-i.e. the same instrument cannot be purchased on one market and sold in another. Tax regimes for carbon are also highly variable depending upon location (World Bank 2014) . With few exceptions, carbon pricing continues to be a 'developed world' phenomenon. As population and potential economic growth primarily expected from 'developing nations', their lack of a carbon price could removes a key incentive to mitigate future emissions. A global MACC such as that of Smith et al. (2008) is a useful reference. However, country/ region-specific MACCs that take into account the specific local economic/developmental/technological context need to be constructed to provide sufficient, adequate and appropriate detail to guide mitigation policy and implementation. There is currently a dearth of such analysis for 'developing' nations, and few for 'developed'.
Case study: milk Consumer-phase wasted milk and estimation of avoidable GHG emissions This case study examines production-phase non-CO 2 GHG emissions driven by lost/wasted milk and highlights the impact of inefficiencies in the FSC. At least 90 % of milk products' life-cycle GHG emissions occur during primary production of raw milk (Foster et al. 2006) . Though other foodstuffs may have greater loss levels and emissions intensities, milk is used as an example here as, at least in developed countries, virtually all waste in the consumer phase is deemed 'avoidable' (Quested et al. 2013) .
In addition to the potential for reducing agricultural GHG emissions during the production phase, reductions in food loss and waste-especially for emissions-intensive foodstuffs such as meat and dairy foodstuffs-may provide globally significant climate change mitigation benefits via demand side measures. For instance, a simplistic comparison of global average food loss and wastage rates (*30 %, (Gustavsson et al. 2011) ) with agricultural N 2 O emissions suggests potential N 2 O emissions reductions through complete avoidance of food loss and wastage in excess of 1 Tg N 2 O-N year -1 (Reay et al. 2012) . Robust quantification of such mitigation potential is challenging given uncertainties in wastage rates, life-cycle emissions for each food and the degree to which any wastage is truly avoidable. Without such reliable estimation, development of effective supply chain interventions aimed at achieving large and sustained reductions in overall agricultural GHG emissions becomes impossible. In the below case study, we examine the potential for non-CO 2 GHG (CH 4 and N 2 O) emissions reductions through avoidance of UK milk wastage during the consumer phase. As well as estimating avoided emissions, we examine the utility of and limits to this approach in determining such mitigation potential for other food types, supply chain phases and geographical areas.
UK milk wastage and production emissions
Approximately 290,000 tonnes of milk was wasted by UK consumers in 2012, with all of this wastage being classed as 'avoidable'. The Waste Resource Action Programme (WRAP) report that almost half of this milk wastage was a result of it not being used in time and about 25 % being a result of too much being served (Quested et al. 2013) .
Production-phase GHG emissions for the consumerphase milk wastage were estimated using an emission factor of 14.5 g CH 4 kg -1 milk produced (EU EEA 2013) and 7.1 kg N 2 O-N per 10,000 l of milk produced (Williams et al. 2006 , Quested et al. 2013 . N 2 O-N was converted to N 2 O using the standard mass conversion factor of 44/28. Greenhouse gas emissions occurring in the post-farm supply chain phases were not included in this analysis. Non-UK milk volume data (UK wasted milk data were already in mass units) were converted into mass using the assumption that milk has a density of 1.03 kg l -1 (MEP 2014). The reported mass of consumer-phase milk wastage was then combined with these emission factors to derive estimated 'avoidable' production-phase CH 4 and N 2 O emissions (Fig. 2) . 'Avoidable' non-CO 2 emissions were then converted to CO 2 equivalents using a global warming potential (GWP) for CH 4 and N 2 O of 25 and 298, respectively (Forster et al. 2007 ).
Our analysis indicates that very substantial cuts in production-phase CH 4 and N 2 O emissions for UK milk are possible through avoidance of consumer-phase waste. Potential reductions in methane emissions (4.2 Gg CH 4 -year -1 ) were much larger than those for nitrous oxide (0.3 Gg N 2 O year -1 ) but, on a net climate-forcing basis, avoiding milk waste results in similar climate change mitigation for these two GHGs-105 Gg and 94 Gg year -1 , respectively-with a total reduction in CO 2 -eq of almost 200 Gg year -1 . In this instance, the UK milk wastage rate, production-phase CH 4 and N 2 O emissions, and proportion of waste that is deemed 'avoidable' in the consumer-phase are all reasonably well constrained. Such large-scale consumer food waste surveys (Quested et al. 2013) , combined with Tier 2 or 3 emission factors for the production phase, are not something that is available for every country and every food type around the world. To produce robust estimates for many other nations, food types and supply chain phases will therefore require careful use of IPCC default (Tier 1) emission factors in combination with well-justified extrapolation of data on food wastage from comparable times, locations and circumstances.
Milk loss in the US
There are considerable uncertainties surrounding the scale of losses reported by different sources. WRAP in the UK estimates 3 % of overall UK milk production is wasted by the consumer . The USDA's estimate for this stage in the FSC is over seven times higher at 22 % (USDA 2014), while the FAO's food balance sheets apply zero waste to milk production in both countries through all stages (FAOSTAT 2014) . The embedded non-CO 2 emissions from the US production of this wasted milk thereby range from a low of zero (using FAO data)-which is implausible-to a high of 21,223 Gg CO 2 e (from USDA data) through the entire milk supply and consumption chain (methane and nitrous oxide combined). Using this latter figure, the embedded emissions of wasted milk in the US would be over 56-times higher than that of the UK in absolute terms and some 13-times greater on a per capita basis. While FAO loss and waste estimates globally of 2.4 % appear on the low side (developing regions have a loss rate of about 4 %), the 31.5 % applied by the USDA seems high. In absolute terms, some 7.3 billion litres of milk is lost or wasted annually in the US, equal to over $6 billion at an average price in 2009 of USD 0.82 l -1 (US BLS 2014). The per capita cost of this wasted milk is almost US$ 20 per annum, at an estimated cost of US$ 1.07 per day per family for all lost/wasted food (Buzby and Hyman 2012) . It seems unlikely the average US household would notice this level of financial cost.
Developing world milk losses
A lack of cooling technology availability and/or appropriate use in developing regions, such as many African states, where the small-holder, rather than industrial producer, is a key player in the supply chain are factors influencing milk losses (Gachango et al. 2014) . FAO milk loss estimates vary across developing world regions-for example, 1.9 % in South-eastern Asia and 6.6 % in Eastern Africa. Applying these post-harvest loss rates to regional production results in embedded emissions estimates of 60 Gg CO 2 e of N 2 O and 80 Gg CO 2 e of CH 4 for South-eastern Asia and 283 Gg and 378 Gg CO 2 e, respectively, for Eastern Africa.
Global scaled-up milk losses
Current global milk production is estimated to be 692 billion litres year -1 , with losses averaging 2.4 % (FAO-STAT 2014). A weighted-average CH 4 emission factor of 47.6 g kg -1 of milk was calculated for global production using the IPCC's Tier 1 default regional CH 4 emissions factors (Dong et al. 2006a, b) . Using an N 2 O emission factor of 7.1 kg N 2 O-N per 10,000 l of milk (Williams et al. 2006 ) as a global constant, our estimates of embedded emissions from global production of milk ultimately not consumed are 5400 Gg CO 2 e as N 2 O and 19,700 Gg CO 2 e as CH 4 per annum. The combined total of 25,100 Gg CO 2 e from inefficiencies along the milk supply chain alone is approximately 0.2-0.3 % of the 7300-12,700 Mt CO 2 e attributed to agriculture globally. As the developing world moves towards a more 'Western' diet-one that is more meat and dairy intensive-such waste-related emissions, without concomitant improvements in production efficiency, look set to rise.
In addition to the GHG emission penalties incurred from producing food that is not either consumed or excessively consumed, there are also substantial economic costs. The economic value of such inefficient resource use ranges from 0.8 % of GDP in the UK (Quested and Parry 2011) to 1.3 % of GDP in Canada (Gooch et al. 2010) . If a 1 % of GDP impact were consistent at the global scale, this annual loss would be equivalent to US$ 720 billion in 2012 (World Bank 2014)-about the average annual value of investment in low carbon technologies estimated to be required through to 2035 to not exceed 450 ppm of atmospheric CO 2 (IEA 2011). However, inefficiencies in the FSC are not consistent either within a commodity across regions or within a region across commodities (FAO 2013)-GHG and economic loss mitigation potential and methods to achieve that potential may, therefore, require bespoke solutions for the different food-region pairs.
Conclusion
Substantial quantities of food produced are lost or wasted along the FSC-up to 50 %. However, when excess caloric intake (over-eating) is included, as much as 70 % of all global food production is not allocated efficiently. The embedded emissions, particularly from CH 4 and N 2 O, in these post-harvest losses create avoidable GHG penalties roughly equivalent to the annual emissions of the USA. The emissions from the losses from a single commodity, such as milk, can be substantial. However, supply chain inefficiencies are different between food commodities and global regions. The stage along the supply chain where inefficiencies occur is also variable between the developed and developing countries. Achievable mitigation potential-technologically, practicable and economically viable-is likely also to require specific analysis and solutions for a given region-commodity. Additional research into abatement costs, the barriers to and opportunities for mitigation (such as differential practices, technologies, policies and education) at discrete stages along the FSC for specific region-commodity pairs is needed. This will help to more systematically address the growing issue of food-related emissions.
